Measuring energy efficiency performance of equipments, processes and factories is the first step to effective energy management in production. Thus, enabled energy-related information allows the assessment of the progress of manufacturing companies toward their energy efficiency goals. In that respect, the study addresses this challenge where current industrial approaches lack the means and appropriate performance indicators to compare energy-use profiles of machines and processes, and for the comparison of their energy efficiency performance to that of competitors'. Focusing on this challenge, the main objective of the paper is to present a method which supports manufacturing companies in the development of energy-based performance indicators. For this purpose, we provide a 7-step method to develop production-tailored and energy-related key performance indicators (e-KPIs). These indicators allow the interpretation of cause-effect relationships and therefore support companies in their operative decision-making process. Consequently, the proposed method supports the identification of weaknesses and areas for energy efficiency improvements related to the management of production and operations. The study therefore aims to strengthen the theoretical base necessary to support energy-based decision making in manufacturing industries.
Introduction
The revolution in industry has come along from pure cost to quality and productivity efficiencies and is in the transition towards environmental performance efficiency (Wang et al., 2014; Garetti and Taisch, 2012; Hon, 2005) . Closely related to significant improvements in environmental and economic terms, the energy efficiency topic has become important as a field that concerns businesses worldwide, going beyond traditional energy-intensive industries such as the steel, cement, and chemical industries (Palm and Thollander, 2010; Ang, 2006) . Over the last few years, policies and private households have also been stirred up by energy efficiency topics due to emergent media coverage and drivers such as climate change, scarcity of resources and rising energy prices Karali et al., 2014; Thollander et al., 2013) .
Energy efficiency, in the theme of sustainable corporate behavior, is seen as a lever for global competitiveness in the future (Moreno et al., 2014; Drake and Spinler, 2013; Friedler, 2010) .
Manufacturing accounts for 37% of primary energy use worldwide (IEA, 2013) , and for 40% of electricity consumption in Europe (European Environment Agency 2010). Accordingly, policymakers and industry are beginning to prioritize the topic on their agenda (Rudberg et al., 2013) Consequently, avoiding energy waste through energy-aware and optimized production is of utmost importance to cope with increased global competitiveness and adverse environmental impacts. Improving firms' technological and business processes as well as structures and infrastructures have become crucial in order to adequately address these challenges (Kong et al., 2013; Cagno and Trianni, 2013; Saidur and Mekhilef, 2010) . Guided by this paradigm shift, it becomes essential to adopt a continuous improvement process for using energy resources more efficiently.
Energy-related information allows the assessment of optimization and improvement potential of energy efficiency measures. Hence it becomes important to provide knowledge that highlights the overall state of the factory and its performance regarding energy consumption.
In this regard, performance indicators serve as a measure to decide whether a system is working as it is designed for and helps define progress towards a pre-set target. This enables better monitoring and control of energy consumption which is of utmost important both for current and future enterprises to improve energy efficiency in production (May et al., 2013a) .
While absolute values and aggregated measures like energy consumption per year or per product or similar measures provide an overview on the status quo, it fails to provide decision-making support, transparency and clear identification of action items. Decisionmakers in production require tailored energy-related Key Performance Indicators (e-KPIs) in order to (i) identify firm-specific energy drivers in their production system, (ii) make the energy behavior profile of the production system transparent, (iii) recognize cause-effectrelationships, (iv) prepare actions for improvement measures, and (v) communicate status quo adequately with other inter-and intra-functional areas. Thus, the main objective of the study is to present a method which supports companies independently from the sector or product to develop firm-tailored energy-related KPIs.
The proposed e-KPI method serves as a successful example on how to transfer scientific and research knowledge into industrial value. First, it serves as a practical guide for companies to identify and integrate their most important e-KPIs in the steering and reporting system. Second, the method is developed based on the current state-of-the-art in the field of energyefficient production engineering by backing each step of the procedure with scientifically valid formulas, diagrams and approaches.
The rest of the paper is structured as follows: The next section provides a theoretical background on energy efficiency in production engineering, then goes on to describe derived gaps and industry needs, and answers how we address these issues. Then, we present the research methodology which incorporates empirical and axiomatic approaches to support validity of results. The following section describes the e-KPI method, while the subsequent sections explain the inclusion in the corporate decision-making process. Finally, we end the paper by highlighting important findings and research limitations, and conclude by providing an outlook for future research.
Literature Review
Performance indicators play a significant role in evaluating the efficiency and effectiveness of manufacturing systems for a target performance area (e.g. cost, sustainability, energy efficiency). In the last decade, efforts in the academia and industry shifted towards achieving energy efficiency in manufacturing. In this context, many scholars discussed energy efficiency measures, standards, labelling regulations, metrics and performance measurement on national and policy level [e.g. (Shi, 2014) ; ; (Soundararajan et al., 2014) ; (Song et al., 2014) ; (Trianni et al., 2014) ; (Honma and Hu, 2014) ; (Wang et al., 2012) ; (Thollander et al., 2005) ]. On a more disaggregated level, studies focused on modelling energy consumption [e.g. (Dietmair et al., 2011) and (Dietmair and Verl, 2009)] , and a varied set of approaches have been developed for improving energy efficiency performances in production from machine tool to plant (i.e. an array of machine tools and processes) level.
For instance, Hu et al. (2012) , He et al. (2012) and Devoldere et al. (2007) focused on improving energy efficiency on machine tool level.
There is a similar situation for manufacturing at production system and factory level where several heterogeneous solutions have been offered regarding energy consumption and efficiency [e.g. (Zhu et al. 2014) ; (Kong et al., 2013) ; (Tucker and Ward, 2012) ; (Sun et al., 2012) ; (Kissock and Eger, 2008) ]. Other recent studies proposed techniques and tools for energy management [e.g. (Dobes, 2013) , (Giacone and Manco, 2012) , (Giacone et al., 2008) and (Mouzon et al., 2007) ]. Monitoring and control approaches as a part of energy management were addressed in several articles [e.g. Cruycke, 2008) ], aiming at the development of appropriate methods for improving energy performances in manufacturing.
The US Environmental Protection Agency introduced the ENERGY STAR industry program, promoting indicators as an effective lever to measure energy-based performances (US EPA, 2003) . Later, Boyd et al. (2008) described the importance of these indicators for benchmarking plant energy consumption. Feng and Joung (2011) proposed a sustainable manufacturing measurement infrastructure and Tanaka (2008) explored different ways to measure energy efficiency performance. Additionally, Aguirre et al. (2011) proposed metrics called 'energy-production signatures' for diagnosis of energy inefficiencies and benchmarking of energy-related performances of manufacturing plants. Later, Zhou et al. (2012) developed an approach for monitoring energy efficiency trends over time in a country and for comparing the economy-wide energy efficiency performance among countries.
Based on an analysis of relevant literature and industry, Bunse et al. (2011) highlighted the importance of energy-related production performance indicators as a key need of the manufacturing industry for identifying inefficiencies within a plant's energy consumption, particularly placing emphasis on the improvement potential at the machine tool level. In this context, Vikhorev et al. (2013) provided a decision support framework for the monitoring and management of energy consumption in a factory, focusing on the energy used by productive resources. However, that particular paper by Vikhorev et al. (2013) focused solely on the energy aspects and thus lacked a consideration of synergies and trade-offs with other production performance indicators. In another recent study, Aramcharoen and Mativenga (2014) identified critical energy states for machining components to support energy consumption analysis of machines and work pieces.
The review of the pertinent literature reveals that both academia and industry still lack approaches and tools to better understand the energy consumption behavior and inefficiencies of machine tools, particularly with a focus on synergies and trade-offs with other production management decisions (e.g. quality, maintenance, production planning, etc.).
This study is built upon the research gaps derived in May et al. (2013a) which carried out a comprehensive review of the literature on energy-related key performance indicators and May et al. (2013b) which analyzed the industrial needs toward energy efficient manufacturing. Thus, based on insights from the aforementioned two previous studies of the authors, Table 1 highlights the research gaps and industrial needs addressed in this study. The table also explains how these gaps are addressed in the research work, thus presenting progress beyond the published literature on KPIs for energy efficiency. 
Research Methodology
The development of methodologies and approaches which are specifically designed to support decision-making processes can suffer from a mutual relationship of academic and practical stringency: (i) the approach is scientifically rigid, but difficult to apply in practice (the practice gap) or (ii) the approach is applicable in practice but scientifically not underpinned (the research gap). To overcome these two major methodological drawbacks, we employed a pragmatist research view with the inclusion of both empirical and axiomatic measures. The axiomatic approach is based on the traditional conceptual modelling (Meredith, 1993) , and incorporates methods that have the potential to support e-KPI definition and implementation. The empirical part consists of semi-structured interviews to better understand the problems related to industry and to receive a continuous feedback about the research progress. Through the employment of conceptual modelling in combination with empirical semi-structured interviews, we have installed a valid mechanism to cope with the research and practice gap and support the validity of the developed method.
Semi-structured interviews with industry have been carried out to gather information besides those obtainable from literature and to support development of the e-KPI method. The interview was composed of 14 wide-ranging questions in an attempt to cover the major energy areas of interest for the discussion, and aims at defining:
 initial formulation of manufacturing and energy states;
 cause and effect links between these manufacturing and energy states;
 projected future developments for the application of the e-KPI method.
The case companies and interviewees are described in Table 2 : The first part -Business context -aims at ascertaining the existence of an effective alignment between the information obtained from the selected company and the information necessary.
Through a series of questions, a check is performed on the compatibility of the company's profile with the profile of companies for which the method can potentially be applied.
Moreover, by virtue of this introductory check, the quality and accuracy of the information obtained from the interview is ensured.
Second part -Industrial Scenario -proposes a series of questions to investigate the state of the art regarding energy-related performance indicators in production and to acquire information beyond those available in the literature.
The third part -Design Method -aims at evaluating the design of the method considered in terms of scope, comprehensiveness of the elements analyzed, consistency and continuity between the logical steps and stages of the method.
The fourth part -Implementation of the Method -concerns the possible structure and drivers for actual use of the e-KPI method. This last part focused on the strengths and weaknesses (both technological and managerial) and expected benefits of the implementation of the proposed method.
Combining the empirical and axiomatic approach, the proposed e-KPI method is presented in the next section.
e-KPI Method
Current efficiency or effectiveness indicators of equipment are time-based (e.g. OEE).
However, to fully assess the energy-related efficiency or effectiveness of an equipment, the time-based view alone is not sufficient (May et al. 2013a) . It is necessary to create energyrelated key performance indicators (e-KPI). Furthermore, current energy performance indicators are calculated through aggregate measures of energy consumption (e.g.
kWh/month or kWh/part). This approach lacks a thorough consideration of cause-effect relationships between manufacturing states (i.e. causes of energy inefficiencies of the productive resource), machine configurations and energy consumption. Hence, detailed performance analysis and the identification of real energy consumer is complicated.
In this section, we develop a method to define and use energy-related KPIs which allows the interpretation of cause-effect relationships and therefore support companies in the operative decision-making process. The method is designed for the work-unit (i.e. machine) level of a manufacturing facility which is selected based on its major contribution to energy consumption and energy efficiency improvement potential as emphasized by Gutowski et al. 
Step 1 -Definition of the Reference Production System
The first step in the KPI development method is to define the resources. In this step, a reference production system is selected for applying the e-KPI method. Defining the reference productive system means specifying: 
Step 2 -Identification of different power requirements of the productive resource
The energy view of the resource is obtained by analyzing its electrical power requirement
[W] for which time length (and thus the energy consumption associated with it) can be potentially affected by decisions taken for the management of the resource or the production system as a whole. These power requirements in the method represent the energy states. The improvement of energy performance of the resource through monitoring and analysis is enabled exclusively by managerial levers (e.g. by an improved production scheduling).
The term energy view refers to power requirements of the resource selected in step 1 for differing energy states. At this stage, it is therefore necessary to identify all possible energy states in which the resource can be during the operation and which can be changed by management levers.
The energy states considered in this study have been derived from different sources such as the Association of Italian Manufacturers of Machine Tools, Robots & Automation (UCIMU) and literature (Mouzon et al., 2007; Calvanese et al., 2013 ). The energy states considered are thus identified as off, ramp-down, stand-by, maintenance, idle, set up, ramp-up and processing as described in the table 3 below. 
Step 3 -Analysis of manufacturing states as causes of energy inefficiencies of the productive resource
The time view of the resource involves determining all temporal or manufacturing states which can be observed during operation. Manufacturing states define a condition of inefficiency, i.e. the loss or waste that impacts on energy consumption of the resource itself.
For this reason, manufacturing states are defined as affecting variables of energy consumption. The variables of energy consumption are special states of the system expressed as time intervals, where variables of energy consumption is a synonym for manufacturing states to emphasize the impact on energy consumption.
For a comprehensive definition of the variables of energy consumption, it is essential to have a good knowledge and understanding of the functioning of the resource within the production system. Since the literature itself provides valid overview of factors and drivers that affect energy consumption and overall environmental performance, the Ishikawa diagram is used in this discussion to represent the cause and effect relationships.
Definition of the energy affecting states of the production resource according to the productivity-based time view is inspired by Morvay & Gvozdenac (2008) . The identified manufacturing states are listed in Table 4 , including their description and corresponding intervention mechanisms that show how to reduce the impact of that manufacturing state: There are high power requirements with lower occurrence in time (e.g. processing), as well as lower power requirements with greater occurrence in time (e.g. idle). The existence of these circumstances is clearly dependent on what happens to the machine and to production system within which it operates.
Energy diagrams also provide the percentage contribution of different power requirements on total energy consumption. In the literature, approaches of this type have been used to evaluate, for instance, a high consumption rate of the machine in idle state compared to that of processing (Gutowski et al., 2006) . Other examples include development of indicators with an approach to calculate the contribution of each energy state on the total energy consumption in order to assess the appropriateness of different production scenarios in terms of energy saving (Cannata et al., 2010) .
The development of the KPIs following this approach provides decision support for energy management if the goal is to design a decision support tool solely based on KPIs. However, without determining cross-links, it would not be possible to contextualize the reasons for a higher idle consumption of a process compared to the previous period. It is therefore necessary to design an appropriate Energy Diagram to support the development process of these e-KPIs.
The e-KPIs are designed to represent the value-adding electrical energy consumption input for the selected productive resource that is used for the production of saleable output. Moreover, these
KPIs show the amount of energy wasted by operations, procedures and management, related with operating the production system. In this way, the e-KPIs clearly highlight and help prioritize the potential areas for improving energy efficiency.
The proposed framework and steps have been considered in deriving energy-related KPIs. The identified e-KPIs can be used in order to diagnose energy consumption trends, address responsibilities of energy consumption and monitor effectiveness of action plans through time. This facilitates the continuous improvement of energy-related performances in a manufacturing plant.
Therefore, we need to represent energy consumption in a framework that allows us to build KPIs quantifying different impacts of variables. A Russian doll representation is suitable for this purpose. 
Figure 4. Energy Diagram
The first pillar from the left represents the total energy consumed in the theoretical production time T (i.e. calendar time). We proceed by climbing down the energy consumption attributed to the different states through the manufacturing cross-links, down to the valuable energy consumption, i.e. the useful energy associated with the production of saleable parts without defects.
Each block of the diagram is evaluated in terms of energy from the power requirement resulting from the cross-linking process (through the arrows in the figure) . The amount of energy consumption scaled in the diagram is to be considered qualitative.
This alter-ego involves the introduction of a change in the way in which the inefficiencies are considered in the traditional time-based view. Two types of losses (e.g. lack of orders and set up) of equal temporal entity (e.g. both 2 hours a day) do not have the same weight in terms of energy efficiency (which should have a perspective of time-based efficiency), since they are associated with a weight which is the relative power requirement. For this reason, it is interesting to analyze the inefficiencies from an energy perspective. The effort here is focused on reducing the contribution of the manufacturing states with the highest impact on the overall energy consumption of the productive resource.
Using energy diagram, we build KPIs that emphasize contribution of different factors such as the Utilization, Availability, Saturation and Yield normally used in time/productivity view (e.g. Grando and Turco, 2005) for the calculation of productivity index. These KPIs also emphasize contribution of studied clusters (i.e. production management, quality, manpower, maintenance, and external causes) so that we can address a particular energy inefficiency to its corresponding univocal actor within the manufacturing system. This is a powerful tool for diagnosis of energy inefficiencies, and we can also build aggregate KPIs and break them down to emphasize possible trade-offs.
Step 6 -Development of e-KPIs
We now proceed to formulization of the e-KPIs. We introduce the symbols used in the formulas for calculating indicators in Appendix A.
The Lean Energy Indicator shows how efficient the equipment is in terms of energy consumption. It represents the ratio of energy consumed for producing saleable products to overall energy consumption of the machine. This indicator is thus derived by dividing the value-added energy to the energy consumption detected in the theoretical production time:
or:
The goal here is not to minimize the energy consumption in absolute terms since there is a demand of production which must be satisfied, but to use energy more efficiently for production of one saleable output. For this reason, we aim at achieving Lean Energy Indicator closer to 1.
In this way, we can understand the causes of an increase in overall energy consumption (E6) compared to that required for producing a single good product (E0). A good way to do this is to breakdown this indicator to multiple factors.
Analyzing the energy diagram from the right, we understand how easy it is to generate a second indicator: the indicator represents the energy that is wasted due to quality problems.
From (4), we see that part of the product mix that consumes more energy, for which × value is higher than other pieces, impact more on the total value, and consequently the effort must be directed to reduce the waste corresponding to production of this type of pieces.
For simplicity, we consider the presence of a process which has a binary condition output: good piece or discarded piece. here represents the total amount produced for each piece "i":
(with the possibility of having excluded the amount reworked), we build the indicator Energy in Saturation ( ):
The unsaturation of the resource, as assessed by the corresponding time-based performance indicator, is due to a series of events that slow down production of the resource (in the time available), such as minor stops and setups. For this reason, micro stops, adjustments, and setup are considered in the calculation of energy consumption.
If the value of the indicator approaches to the value "1", the saturation of the equipment is higher and the energy loss relative to it is lower (i.e. the impact of the energy losses of micro stops, set-up and adjustment).
One can easily imagine how the process of developing energy-related KPIs through the Energy
Diagram has recursive nature until getting to the final condition of obtaining an e-KPI that has the total energy consumption in the period (E6) as its denominator.
The indicator Energy in Availability
. depends on the maintenance time required. It is shown in (8) and (9):
Place 2 = 1 + ( ) + ( ) + ∑ =1 from (7) to (8), then:
This indicates a good example to emphasize the difference of the time-based view and the energybased view: if the restart time of a machine tool for failure is negligible in terms of its inclusion in the indicator of availability, then this does not apply from an energy point of view, given that the power ramp-up is a power requirement less than that required for example by machining, but definitely not negligible. The effort will therefore be addressed to avoid this kind of total failures, and in general, to avoid the occurrence of all manufacturing states for which the power consumption is higher.
We analyze now the indicator , which assesses the impact of causes at the level of the overall system and not strictly at machine level .
Place 3 = 2 + + + from (9) to (10), we have:
The disuse of a resource is determined by causes related to the management of the production system (blocking & starvation), tool management, and processing of samples and test pieces due to problems such as the lack of external orders and lack of materials.
Finally, it is possible to calculate an indicator , assessing the impact of the post-holiday or post-shift start-ups of the machine. Consistent with the Energy Diagram in Figure 4 , it is calculated relative to the energy in time T. is shown in (12) and (13):
Place From (11):
Finally, we can derive Lean Energy Indicator through the contribution of individual indicators presented such as , , , , from (13):
In conclusion, the Lean Energy Indicator highlights how much value-added energy (processing) is used for the production of saleable output, in relation to the total energy consumption. The latter can be analyzed and interpreted through a decomposition of Lean Energy Indicator in factors such as
The representation that provides (14) is an excellent support to the interpretation of the causes behind which the power consumption incurred for the production of a manufacturing output is not value-added (i.e. causes of energy inefficiency).
The value for each of the developed e-KPIs range from 0 to1. Different uses of these e-KPIs are studied in detail in the below section 4.7, i.e.
Step 7 -e-KPI design and management.
Step 7 -e-KPI Design and Management
The second macro-step of the method is the implementation phase as highlighted in Figure 5 . Once designed, the KPIs must be managed. The boxes below illustrate the meanings of design and management of the e-KPIs, which are explained in detail in sections 4.7.1 and 4.7.2 respectively. 
e-KPI Design
To provide a detailed guideline for the use of the designed e-KPIs, it is necessary to keep it in a record sheet, filling the attributes listed in the left-hand column of Figure 5 . A valid reference time horizon for calculation of these indicators is the minimum interval of months which contain a large set of energy consumption variables, on which it makes sense to perform an analysis. Regarding the frequency of the calculation, it clearly depends on the quality of the monitoring system, as well as the management and control requirements.
e-KPI Management
Once the KPI system is designed, it must be managed for the purpose for which it has been created or to enable the continuous improvement of energy-related performances. This section discusses how the implementation of an e-KPI system as well as the implementation of any KPI system focused on continuous improvement can be studied from two perspectives: (i) Implementation from an information infrastructure point of view; (ii) Implementation of the KPI system from the management point of view (i.e. of utmost interest for the case in question).
From the information point of view, the implementation of the method can happen in two ways, i.e.
full implementation and limited implementation.
a. Full implementation
The case of full implementation occurs if an advanced energy monitoring system exists in the company, and this situation leads to an optimum result that the method is able to make in terms of decision making support. The sensors at the machine, line or plant level allow a high quality and accuracy of the data that may be provided in real-time or discrete, depending on the level of automation in the whole factory. In this type of situation, the final energy consumption would automatically be built and disassembled through the e-KPI, knowing the basic information on the behavior of the manufacturing system (e.g. failure times, set up times, missing orders, etc.).
b. Limited implementation
Since in the case of certain non-automated or poorly automated situations, calculations of the values of KPIs can be performed manually through spreadsheets, it is only possible to apply the method through energy consumption data (in the period established by the timescale) obtained from a measurement campaign or reasonable estimates. In case of limited implementation, measurement frequency would be lower than in the case of the full implementation, and the information obtained from e-KPI is represented by poor quality of the data.
The inclusion of limited implementation and its comparison with the full implementation within the e-KPI Management is carried out solely by virtue of a possible argument about the time horizon for implementation of method. To apply the method in the short term, a limited implementation could be considered while in the medium and long term an application of the method in its optimal mode can be suggested based on the industry needs and trends outlined previously.
From the management point of view, the implementation is the management of the KPI system in relation to the purpose for which it is created, or to enable the continuous improvement of the energy-based performances. In this sense, it is important to establish a method for performance analysis and prioritization of actions.
After the monitoring and measurement of the performance through the KPIs, the step traditionally performed in this context includes:
-the analysis of the values supplied by the KPIs;
-their correct interpretation and communication to interested parties;
-identification of potential areas for improvement;
-setting objectives and actions for improvement;
-checking the results through a new measurement and analysis of the e-KPI values after a certain time horizon.
Decision Support Mechanism
It is now necessary to explain how the structured system design and use of e-KPIs could serve as a diagnosis and decision support tool for energy managers and in general for management involved in the energy efficiency programs.
Since the design criteria of the e-KPIs is precisely to enable the decision making, the first analysis of the values provided by the KPI as well as the identification of potential areas for improvement, is inherent in the way in which the e-KPIs are designed. The e-KPIs are therefore easy to read in terms of the identification of the satisfaction degree of energy-related performances and to identify areas for intervention and responsible actors. The farthest the e-KPI value is from the ideal value of 1, the greater the need for intervention within the area defined by the cluster associated with the indicator.
In reference to the developed e-KPIs, for example, a low value of compared to other indicators , , , which form the Lean Energy Indicator suggests a need for intervention within the engineering of maintenance and/or in the maintenance function, and similarly a low value of suggests a strong impact of quality problems on energy inefficiencies.
By considering as an example, the energy consumption at a low value of the defendants are represented by high values of the sum + + , i.e. the denominator of the indicator [see (7)].
To understand the extent to which it is possible to act on the e-KPI identified as responsible for the deterioration of the performance, a contextualization should be made for the determinants of the identified KPI, ideally analyzed utilizing the energy consumption matrix illustrated in Figure 6 .
The matrix includes two dimensions : The nature of the energy consumption denotes the lever through which to reduce the entity. Figure 6 shows the directions (through the arrows) for improvement in correspondence with each area. Since the focus is on energy management, improvement levers are oriented to reduce energy consumption where possible. Technological improvements (e.g. buy machines which spend less energy per unit of time) are considered out of scope for the discussion in this section.
One area of focus is that of the first quadrant: longer times and high power. With regard to the fourth quadrant, besides the fact that longer times may also be due to factors that do not directly involve inefficiencies, it is still an area within which it is worth investigating to see if longer times actually occurred due to a certain state of inefficiency (e.g. if repair times and are higher than the standard). This information can be found in mainstream systems such as MES, SCADA and ERP. In the case of inefficiency, high energy consumption of this type can easily be reduced through management levers, the cost of which can be discussed with other actors of the plant.
In the example under investigation, it is important to know where consumption that makes up the sum + + is going to be placed within the energy consumption matrix. The positioning depends on the exact values that each time variable and power variable correspond to. Nonetheless, it is good to seize any opportunity to reduce energy consumption through management levers, reasonably applicable in the example under consideration, since the high consumption may be due to high fault-repair time during which the machine is in the maintenance state, or due to high number of reboots and time spent during postfailures of the machines in a fault state previous to the repair during which the machine stays in idle state.
Therefore, the macro problem is identified through the e-KPI at a lower value, contextualized energy consumption is attributed to it, and intervention possibility and areas are evaluated accordingly. Next step is to determine how to intervene in order to properly secure objectives and action plan for achieving identified improvements. Table 5 shows an example to this point. Discharging the opportunity to act on specific energy consumption and on how to act, goals can be set at management level to control the length of time of manufacturing states. Based on the nature of the intervention mechanisms, the negative contribution of the indicator could be through an action plan structured as follows:
-a reconsideration of the frequency intervals in preventive maintenance by engineering;
-the adoption of a maintenance training program for practitioners, for the early detection of faults;
-the adoption of a training program for the maintenance team.
The objectives are broken down into tasks and the action plan is released.
On the basis of the extent of the program provided, it establishes a timeframe within which it is expected that the indicator provides better performance, closer to the value of 1 in the current period.
Naturally, due to the way in which the e-KPIs are designed through the Energy Diagram, the value of each KPI depends exclusively on the set of variables which forms the indicator, and is not dependent in any way on an increase in demand of product, or other factors, which are reasonably attributed in a distinct manner to other e-KPIs.
Every improvement program has a cost, which is why we ask: how many e-KPIs, for which performance has been proved unsatisfactory, can be considered part of a program to improve energy-related performances? For example, the decision on whether to consider the analysis of a single indicator with the lowest value, or the first two indicators with the lowest values among those that makes up the Lean Energy Indicator.
In this regard, a Pareto analysis applied to the individual energy consumption that composes the e-KPI is deemed extremely useful in order to optimize energy consumption and costs. Nevertheless, since the Pareto chart compares individual causes (e-KPI or individual energy consumption) of the total consumption of the period, this instrument should only be used for analysis of the current period, and cannot be used to evaluate an increase or a reduction of individual contribution in time.
Finally, one may wonder what kind of improvement one can expect from a method that enables continuous improvement through the modes which are just explicated. At this point, the proposed e-KPI method enables both direct and indirect improvements:
-direct improvements on energy-related performances closely related to energy consumption, such as thermodynamic KPIs (total energy consumption of the plant) or physicalthermodynamic KPIs (e.g. SEC ), etc.;
-indirect impact on time-based performances since the supporting mechanisms which aim at improving energy efficiency might also improve the time effectiveness of a manufacturing system. Notwithstanding, it is necessary to take into account that the improvements are made for this level of analysis in relation to problems of a single resource, but instead one must consider that the sum of local optima is not equal to a global optimum;
-the indirect improvements on energy-related performances that includes, in addition to energy consumption, other variables (e.g. economic and physical KPIs). Despite the improvement in energy consumption, high energy prices that outweigh the achieved improvement nullify the effect of the proposed action plan;
-the indirect improvement, more globally, on sustainable manufacturing.
Discussion and Concluding Remarks
The e-KPIs enable improved energy-related performances. The clustering of the manufacturing states are carried out to foster a continuous improvement loop as the e-KPIs identify weaknesses and areas for energy efficiency improvements related to the management of production and operations. Thus, an action plan tasked with achieving energy-saving targets is created for relevant actors within an organization.
One limitation of the developed method is the availability of energy-related data. Even if a precise calculation of all indicators is performed, problems may occur due to granularity of available data.
In the current situation, energy monitoring is widely done on factory level, but to really use the approach, a finer granularity on machine level is necessary. Widely, the infrastructure for this approach might yet be missing in industry, especially in Small and Medium-sized Enterprises (SMEs). A real and complete case analysis can only be done in a time frame in which the multilevel energy measurement and monitoring systems allow energy analysis for different levels of the plant, down to machine level.
However, such limitation could be dealt with by increasing the role and use of advanced IT systems in manufacturing environments (May et al. 2013c ). For instance, addressing the challenge highlighted in the Figure 7 below by May et al. (2012 ), PLANTCockpit (PLANTCockpit, 2014 developed a central monitoring system which is able to access different data sources (e.g. ERP,
MES, SCADA, Energy Apps, other special-purpose solutions, etc.) in a manufacturing facility in order to integrate, process and visualize production data, thus enabling consistent calculation and visualization of desired indicators such as e-KPIs developed in this study.
Figure 7.
Sample data sources and KPI components in a manufacturing plant (May et al., 2012) Although it is difficult to directly measure the data required for calculating these e-KPIs in the current settings, it is possible to reach the data components of each indicator with the use of new generation IT systems such as PLANTCockpit or else, which will lead the industry to be able to frequently calculate and visualize the desired indicators such as e-KPIs.
We proceed now to illustrate a number of key points and findings relating to the proposed method.
The developed method is proposed to address the research gaps identified in the literature review. It aims to support the manufacturing industry in fulfilling the identified industrial needs. Since it contributes to a research topic focused on a medium to long term trend and as the contribution is made by developing new KPIs to support energy management, technical and economic evaluations for the implementation of the method are considered out of scope. The discussion of implementation hints in section 4.7.2. is provided for the sole purpose of outlining a possible estimate of the time horizon over which the manufacturers could be able to use the designed e-KPIs in a structured way.
During the development of the method, the following important findings emerged:
 The reference system in which a production machine works strongly influences its energyrelated performances.
 The presence of a high number of intervention mechanisms related to the manufacturing states confirms the wide possibilities of reducing energy consumption by acting on production system (or on such variables) rather than on technological levers.
 The development of e-KPIs through appropriate Energy Diagram allows the KPI values not to be affected by changes in market demand, except by a change in the product mix, for which there might be an incidence of setup.
 Not all of the energy inefficiencies are equally important and potential hotspots in terms of energy management: the energy consumption matrix is designed including time and power dimensions and shows the types of energy consumption on which to pay more attention for improving the energy-related performances.
 The development of the e-KPIs showed that there were negligible time-based performance indicators which instead have strong impacts on energy-based performance. Such states are positioned on the lower right of the energy consumption matrix: the most representative example is the state that corresponds to machine start-up, both due to the needs of shifts and to total failure. The occurrence of these states must be avoided as much as possible since these small time intervals could have high impacts on energy consumption.
Ultimately, we describe as follows opportunities for future development which could further deepen the knowledge of the study:
 The developed tools can be used more widespread for other means. For example, modelling by state graph can be used to support discrete event simulation in order to study the energy behavior of the resource at different scenarios and to predict energy consumption for instance by providing relevant information concerning the best choice of the supply contract or ideal shifts for the plant, etc.
 Other tools might be used for representing the cause-effect relationships, e.g. causal loop diagrams. They allow connecting the related elements by cause-effect links, determining the signs and possible loop between the different links, and designing equations for each link.
 One other way is to consider other possibilities for development of methodologies aimed at improving energy efficiency. One such method might consider development of e-KPIs on different levels (i.e. machine, process, and plant level), and relationships in-between these KPIs.
Another method could consider effects of different instruments on energy consumption, e.g.
contribution of different plans (e.g. inventory management, capacity planning, etc.) on the energy performance of the plant or the entire supply chain can be studied, using simulation environments supported by key performance indicators for the evaluation of different scenarios.
 Last but not least, e-KPIs could be used in simulation environments to evaluate the effectiveness of actions over time. It could also be aimed at achieving improvements of energy performances at machine level. However, since production systems represent extremely complex environments in which a global optimum is not the sum of local optima, the scope of the discussion should be reasonably extended to a line, to a plant, to a portion of the supply chain, etc. in order to formulate a comprehensive solution considering the entire value chain.
Appendix A
We introduce below the symbols used in the formulas for calculating indicators in Section 4.6.:
-i: index of the piece in the product mix -n: number of pieces in the product mix -: Quantity of saleable pieces -Q rew : Quantity reworked -q r : Quantity discarded -q rs : Quantity discarded in startup -: Processing time -: Average processing power -NCTi: Number of tool change for each piece "i" -T su : Setup time -P setup : Average power consumption for tool change -T micro : Total Time lost due to machine microstoppages -P rampup : Power consumption at startup -T rampup : Time to start the machine -NS pf : Number of starts after failure -T TRp : Repair Time of preventive interventions (assumes only adjustments) -P Maint : Power consumption during maintenance -T maint : Maintenance time -T down : Downtime -P idle : Power consumption at idle -T w : Total Time for workers' stoppages -T bsps : Time lost due to blocking & starvation for production scheduling -T wttm : Waiting time for tool management -T bssf : Time lost due to blocking & starvation for system's failures -T wtbr : Waiting time for breakdown or regeneration -P standby : Power consumption in standby -T mo : Time lost due to missing orders -T mm : Time lost due to missing materials -Ns t : Number of starts by shifts -NS PH : Number of starts after holidays
